The Gibbs energy minimization using activity coefficient models and nonlinear equation solution techniques are commonly applied for phase stability problems. However, dependence on the initial estimates and multiple solutions for these highly nonlinear equations are common drawbacks for some of the conventional approaches. We have used interval Newton method with the local composition model of NRTL for the phase stability analysis of 10 binary systems and 2 ternary systems at various feed compositions to locate all the stationary points. Results indicate that the interval Newton method is reliable and efficient.
Introduction
Phase splitting due to thermodynamic instability of liquid mixtures plays important role in simulation and design problems of separation by distillation and extraction. In threephase distillation, for example, feed may become unstable and splits into two liquid phases at some stages in the column. To know the exact number of phases on a stage contributes considerably towards the mathematical stability of phase equilibria predictions [1] and [2] . Location of a feed point with respect to the binodal curve may be used to predict the number of exact phases in a ternary mixture of types I and II; only the feed points within the binodal curve will split into two liquid phases, and require threephase equilibrium calculations [3] .
For some time, it has been a challenge to find a reliable stability analysis for fluid mixtures in any number of component and phases. Most commonly, stability analysis is based on the distance of tangent plane with respect to the Gibbs energy of mixing surface [4] , [5] , [6] and [7] . When the distance is negative then a mixture at specified temperature and pressure becomes unstable and splits into two liquid phases. Tangent plane distance function is the difference between the Gibbs free energy of a phase with composition x and the tangent plane to the Gibbs free energy surface estimated from a candidate phase composition z. However, the tangent plane distance approach requires the solution of nonlinear equations obtained with the activity coefficient models or the equations of state. Such solutions may lead to multiple stationary points depending of the initial values or require the number of phases known [8] , and sometimes may not be reliable [7] .
Interval Newton method proposed about 10 years ago is another approach for the phase stability analysis [9] , [10] and [11] . The method is a generalized bisection algorithm with some modifications so that it is relatively less sensitive to initial values, and should provide all the roots including global optimum [11] . The method has been tested with equation of states and activity coefficient models [9] , [12] and [13] , and for process design calculations, such as mixed flow reactor and a reaction kinetics model [14] . This study further tests the reliability of phase stability analysis for 10 binary mixtures and 2
The interval Newton/generalized bisection method requires no initial guess, and finds all the stationary points of the tangent plane distance D by solving Eqs. (4) and (5) with some easy modifications, which are explained in detail by Hua et al. [9] and [10] and Gau and Stadtherr [14] .
NRTL model
For an n component system, the NRTL equation for the reduced molar excess Gibbs energy is given by: where x k is the mole fraction for species k, and τ ik and G ik are the NRTL binary interaction parameters. Eq. (6) uses the mole fraction weighted averages of the interaction parameters to improve the efficiency of the interval method [10] and [14] . The parameter G ik is a function of τ ik and the parameter α ik = α ki , and is given by G ik = exp(−α ik τ ik ).With the NRTL model, Eq. (4) becomes [13] where Eqs. (7) and (5) represent a set of n × n equation system whose solutions are the roots of D.
Interval Newton method
The interval method is a general-purpose computational method to solve nonlinear equations to find all the solutions lying within the variable bounds [12] . It uses interval vectors and matrices starting with a specified initial box of intervals, and search all the roots by solving the linear interval equation system for a new interval N (k) :
Where k is the iteration number, F′(X (k) ) is an interval extension of the real Jacobian of f(x) over the current interval (X (k) ) and (x (k) ) is a midpoint of that interval. Tightness of the interval (N (k) ) containing the solution set mostly depends on how to solve (N (k) ). Usually, iterative methods with Gauss elimination is performed using preconditioned Eq. (9) for a tighter intervals [13] and [14] . Details of preconditioning of Eq. (9) and enhancing interval calculations are given by Schnepper and Stadtherr [12] , Tessier et al. [13] and Gau and Stadtherr [14] . A reasonable initial box should be wide enough so that the interval Newton method provides all the solutions of local minima and maxima, saddle points and global minimum.
Results and discussion
We used 10 binary and 2 ternary systems for the stability analysis with the reduced Gibbs energy g E obtained from the NRTL model. The local composition model of NRTL is known to have multiple roots in phase equilibrium calculations [2] . The systems include mostly the polar-polar mixtures. In order to test the method, we have obtained all the stationary points and the values of tangent plane distance D for those roots from a MATLAB program. We verified the results of our MATLAB program with one of the binary systems used by Stadtherr and Schnepper [15] and a ternary system used by
Tessier et al. [13] . The results of point approximations [13] presented in Table 1, Table 2,   Table 3 , Table 4 , Table 5 , Table 6 , Table 7 , Table 8 , Table 9 , Table 10 , Table 11 and Table 4 , Table 5, Table 6, Table 7 , Table 8 , Table 9 and Table 10 display the number of root inclusion tests and the solution times in seconds on a PC Genuine Intel computer, which is rather slow. The systems and the input data for the NRTL model are described in the following problems:
Problem 1
The binary parameters of polar-polar mixture n-pentanol (1) [16] . Table 1 shows the values of D, which are negative at the stationary points z 1 = 0.05 and 0.10, and the phases at these feed points are unstable. At the feed compositions z 1 = 0.15 and 0.20, the phases are stable as D > 0.
Problem 2
The binary parameters of polar-polar mixture n-pentanol(1)-2-methylpentane(2) are τ 12 = 0.9598699, τ 21 = 2.9389421, G 12 = 0.5746116 and G 21 = 0.1833367 [16] . As the values of D in Table 2 show, the feed composition of z 1 = 0.05, 0.20 and 0.25 are stable, while the feeds at z 1 = 0.10, 0.11 and 0.12 are unstable.
Problem 3
The binary parameters of polar-apolar mixture ethanol(1)-cyclohexane(2) are τ 12 = 1.7252352, τ 21 = 3.1963108, G 12 = 0.4541860 and G 21 = 0.2317199 [16] . The values of D in Table 3 
Problem 4
Water ( 
Problem 5
The binary parameters of polar-polar mixture water(1)-citric acid(2) are τ 12 = 0.9889317, τ 21 = 13.7521382, G 12 = 0.6887706 and G 21 = 5.6008823 × 10 −3 [17] . As seen in Table 5 , the values of D at the stationary points are positive and the feeds are stable.
Problem 6
The binary parameters of polar-polar mixture citric acid(1)-1-butanol(2) are τ 12 = 2.5479457 × 10 −2 , τ 21 = 11.2949857, G 12 = 0.9948420 and G 21 = 0.1010207 [17] . As Table 6 
Problem 7
The binary parameters of polar-polar mixture citric acid(1)-2-butanol(2) are
.4341774, G 12 = 1.3199010 and G 21 = 0.2188763 [17] . As Table   7 shows, the feed points of 
Problem 8
Problem 9
The binary parameters of polar-polar mixture water ( Table 9 shows that the feed point at z 1 = 0.05 is stable, while the feed points at z 1 = 0.40, 0.45, 0.50 and 0.75 are unstable.
Problem 10
The binary parameters of polar-polar mixture water(1)-benzonitrile(2) are τ 12 = 6.7197320, τ 21 = 2.7710776, G 12 = 0.1331979 and G 21 = 0.4354727 [18] . Table 10 shows that most of the feed points are unstable.
Problem 11
The ternary parameters for acetonitrile (1) [16] . Table 11 shows that the feed compositions are unstable.
Problem 12
The ternary parameters for water(1)-citric acid(2)-2-butanol(3) mixture are τ 13 = 2.9732685, τ 31 = 0.5249036, G 13 = 0.2472300 and G 31 = 0.7813714 [17] . (0.7500, 0.2500) 0.0000 Table 7 .
Stationary points for citric acid(1)-2-butanol(2) system of Problem 7 at various feed points at 25 °C and 1 atm Table 8 . Table 9 .
Stationary points for water(1)-butanenitrile(2) system of Problem 9 at various feed points at 25 °C and 1 atm 
